Acid metabolism and gas exchange studies were conducted in situ on the cactus Opuntia basilaris Engelm. and Bigel. A pattern of significant seasonal variation was evident. The pattern was controlled by rainfall, which significantly influenced plant water potentials, total gas transfer resistances, and nocturnal organic acid synthesis. In winter and early spring, when plant water stress was mild, stomatal and mesophyll resistances remained low, permitting enhanced nocturnal assimilation of "CO2. The day/night accumulation of acidity was large during these seasons. In summer and fall, plant water stress was moderate, although soil water stress was severe. The nocturnal assimilation of "CO2 was very low during these seasons, even in stems with open stomata, indicating large mesophyll resistances restricting exogenous gas incorporation. The day night accumulation of acidity was reduced, and a low level of acid metabolism persisted throughout this period. The rapid response to a midsummer rainfall emphasizes the importance of plant water potential as a parameter controlling over-all metabolic activity. The seasonal variations of acid metabolism and gas exchange significantly influenced the efficiency of water use and carbon dioxide assimilation. Periods of maximal efficiency followed rainfall throughout the course of the year.
"CO2. The day/night accumulation of acidity was large during these seasons. In summer and fall, plant water stress was moderate, although soil water stress was severe. The nocturnal assimilation of "CO2 was very low during these seasons, even in stems with open stomata, indicating large mesophyll resistances restricting exogenous gas incorporation. The day night accumulation of acidity was reduced, and a low level of acid metabolism persisted throughout this period. The rapid response to a midsummer rainfall emphasizes the importance of plant water potential as a parameter controlling over-all metabolic activity. The seasonal variations of acid metabolism and gas exchange significantly influenced the efficiency of water use and carbon dioxide assimilation. Periods of maximal efficiency followed rainfall throughout the course of the year.
Historically, succulents have been considered a group of plants with morphological and anatomical similarities, and recently this classification has been expanded to include physiological similarities (7, 16) . Some of these plants demonstrate a circadian fluctuation of organic acids typical of CAM,2 and the gas exchange of CAM plants has been proposed to be an adaptation to dry, arid environments (14) . Numerous apple under agricultural growing conditions (1) , and earlier work with pineapple centered exclusively around diurnal patterns of gas exchange (8) . Seasonal patterns of gas exchange
were recently investigated in Dlidleya farinosa growing in its native coastal environment (2) , and some preliminary information has been reported on seasonal patterns of acid metabolism in Bryophyllutin calycinum7l (4) and Sedumi praealtlwnz (3) . To our knowledge there have not been any reports investigating seasonal patterns both of acid metabolism and of gas exchange in any CAM plant.
The following study was initiated to investigate concurrently these two parameters in a desert succulent, growing in an arid environment where severe soil water stress occurs during the year. Opuntia basilaris was selected for this study because it is a typical CAM plant (20) , and it is a wide ranging species in a large genus important in the arid soLthwestern United States.
MATERIALS AND METHODS
Gas exchange measurements consisted of measuring stomatal diffusion resistances and rates of CO2 assimilation. Stomatal diffusion resistances were determined with a diffusion resistance hygrometer, similar in design to those constructed by van Bavel, Nakayama, and Ehrler (24) . The instrument was calibrated regularly, from 0.2 to 0.3 full scale, with evaporative discs constructed to lose water at a known, constant diffusional resistance. Direct transpiration measurements on a single stem could be obtained within a few minutes. The measurements were conducted during the nighttime and early morning when temperature differences between the hygrometer cup and the evaporating surface were lowest.
Carbon dioxide-'4C uptake was measured with a portable instrument constructed following the design by Shimshi (18) . Air containing "CO2 was applied to stem surfaces for 20 sec through a 1-cm diameter leaf chamber. A cylinder of tissue with the exposed stem surface was immediately removed with a cork borer (8 mm diameter). frozen, and stored under Dry Ice until returned to the laboratory. The radioactive samples were subsequently lyophilized and combusted in oxygen following a modified Schoniger technique (15) . Radioactive gas assimilated by the stem tissue was measured by liquid scintillation counting. The specific radioactivity of the radioactive gas was initially determined by infrared gas analysis of the 12C-fraction, and liquid scintillation counting of the "C-fraction. Ambient concentrations of C02, i.e., 300 [ul/liter, were utilized throughout the year. In all cases, the same location on the stem surface of the previous stomatal diffusion measurement was exposed to radioactive gas. Much of the nocturnal sampling was restricted to the predawn hours.
Plant and soil water potentials were determined with a commercially available thermocouple psychrometer (Wescor, Inc. The most anomalous aspect of the CO2 assimilation in 0. basilaris is the pattern of the diurnal incorporation of radioactive CO2. In all cases beyond the first few hours of daylight, TIhe CAE has been calculated from the observed rate of carbon assimilation and the calculated maximum rate of carbon assimilation, limited only by the observed stomatal resistance and assuming a CO, concentration gradient of 300 pl/liter.
The derivation of this index was described earlier (22) .
The the significance of the seasonal plant variation is demonstrated by the information presented in Figure 9 .
The seasonal variation in CAE shows a gradual decrease from January until mid-May. Generally, mean CAE remains very low throughout the remainder of the year and increases only slightly in December.
Carbon assimilation efficiency is virtually zero during the midsummer (Fig. 9) , although the circadian acid metabolism persists throughout the course of the year (Fig. 4) . A final plant parameter, which also shows a seasonal variation, is the aciddependent CO2 assimilation rate required to maintain the observed rate of nocturnal acid synthesis. The pattern of the variation, as presented in Figure 10 , has been calculated from the data summarized in Figure 4 and presumes a direct stoichiometric relationship between organic acid synthesis and CO. uptake.
During the months from January until March the rate of nocturnal acid-dependent CO2 assimilation varies significantly between sampling periods, although there is an over-all decline in the rate from 10 to 4 mg CO2/dm2 hr. During the following period of stomatal closure and gradually decreasing plant Q the rate of assimilation declines more slowly and stabilizes in midsummer near values of 2 mg CO2/dm2 hr. The enhanced response to the August rainfall follows the enhanced exogenous 14CO2 incorporation, such that the acid-dependent CO2 assimilation approaches 6 mg CO2/dm2 hr. The value of near 2 mg CO2/dm2-hr is again attained following this midsummer rainfall and persists throughout late fall and early winter. DISCUSSION The results of these seasonal measurements supplement our previously reported results of daily acid metabolism and gas exchange characteristics of plants of 0. basilaris growing in situ (20) . Since the study was conducted entirely in a desert environment, where high temperatures and severe soil water stress occurred during the year, the results are particularly useful toward expanding the over-all understanding of the mechanism of CAM.
The seasonal pattern of acid metabolism in plants of 0. basilaris complements the earlier work of Bharucha and Joshi (4) , which demonstrated that during the winter season with high solar radiation and 6.5 C day/night temperature differences the titratable acidity of Bryophyllumn calycinumn approaches nighttime maximal levels of 120 ,ueq/g fresh wt (our calculation of original data). In our investigation average day/ night temperature differences were larger, but during comparable winter environmental conditions the average nighttime maximal levels of acidity exceeded 90 ,ueq/g fresh wt on more than one occasion. During the season with high cloud cover and smaller day/night temperature differences the maximal acidity of B. calycinum was low, i.e., 30 ,ueq/g fresh wt.
Plants of 0. basilaris also demonstrate reduced levels of acidification, which occur during the seasons without rainfall. The results with 0. basilaris demonstrate that in an arid environment enhanced acid synthesis follows seasonal rainfalls.
The seasonal variation in the gas exchange characteristics is controlled by soil and plant t@. (14) , while the results with Bryophyllum daigreinontianum demonstrate a continual reduction in nocturnal gas exchange once diurnal gas exchange is completely restricted (12) . Recent seasonal results with Dudleya farinosa demonstrated a decrease in leaf conductivity to water vapor as drought-induced water stress increased (2) . The seasonal results during the midsummer of our study extend the observations of gas exchange characteristics of CAM plants, since continuous stomatal closure throughout the day/night cycle occurs during periods of severe soil water stress and moderate plant water stress.
Nocturnal CO2 assimilation in 0. basilaris exhibits a significant seasonal variation in rates of incorporation. Earlier laboratory investigations with CAM plants have emphasized the significance of nighttime temperatures on nocturnal CO2 assimilation, with netCO2 assimilation generally at temperatures less than 25 C (13). However, these experimental results were derived from conditions of ample soil water and mild plant water stress. The work of Kausch (l1), with a CAM plant which was previously exposed to several weeks of dry conditions, demonstrated that increased amounts of total nocturnal CO2 uptake followed remoistening. Little information is available from in situi investigations, except the recent results of Bartholomew (2) , which suggested that nocturnal CO2 uptake in conditions of moderate soil water stress was not significantly correlated with nocturnal temperatures. His results appear to be more closely correlated with plant water status. Our findings with 0. basilaris demonstrate that CO. assimilation during periods of stomatal opening correlates with plant k. Enhanced levels of CO2 assimilation have been recorded during periods with low, as well as moderate nighttime temperatures. The principal mechanism by which water stress reduces nocturnal CO. assimilation appears to be increased total gas transfer resistances, with r,,' being more sensitive than r_.
Water stress has long been known to reduce photosynthetic carbon assimilation, although numerous conflicting studies concerning the effects of water stress on r,,,' values have been reported. Some reports from laboratory investigations with agricultural plants indicate that the ri value is unaffected by water stress over a wide range of plant t (23) . Other reports indicate that only a portion of the water stress-induced reduction in photosynthesis can be accounted for by increased stomatal resistances (17) . The 
